Divergent functions ot the proneural genes
Mash1 and Ngn2 in the specification
of neuronal subtype identity

Carlos M. Parras,"* Carol Schuurmans,'* Raffaella Scardigli,' Jaesang Kim,” David J. Anderson,”

and Francois Guillemot'®

Institut de Génétique et de Biologie Moléculaire et Cellulaire, CNRS/INSERM/Université Louis Pasteur, 67404 Illkirch
cedex, C.U. de Strasbourg, France; *Division of Biology 216-76, Howard Hughes Medical Institute, California Institute

of Technology, Pasadena, California 91125, USA

The neural bHLH genes Mash1 and Ngn2 are expressed in complementary populations of neural progenitors in
the central and peripheral nervous systems. Here, we have systematically compared the activities of the two
genes during neural development by generating replacement mutations in mice in which the coding sequences
of Mash1 and Ngn2 were swapped. Using this approach, we demonstrate that Mash1 has the capacity to
respecify the identity of neuronal populations normally derived from Ngn2-expressing progenitors in the
dorsal telencephalon and ventral spinal cord. In contrast, misexpression of Ngn2 in Mash1-expressing
progenitors does not result in any overt change in neuronal phenotype. Taken together, these results
demonstrate that Mash1 and Ngn2 have divergent functions in specification of neuronal subtype identity,
with Mash1 having the characteristics of an instructive determinant whereas Ngn2 functions as a permissive
factor that must act in combination with other factors to specify neuronal phenotypes. Moreover, the ectopic
expression of Ngn2 can rescue the neurogenesis defects of Mash1 null mutants in the ventral telencephalon
and sympathetic ganglia but not in the ventral spinal cord and the locus coeruleus, indicating that Mash1
contribution to the specification of neuronal fates varies greatly in different lineages, presumably depending

on the presence of other determinants of neuronal identity.
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The mechanisms underlying the generation by multipo-
tent stem cells of the vast array of neuronal and glial
subtypes that constitute the nervous system remain
poorly characterized. Recently, evidence have been ob-
tained that genes of the bHLH class are important regu-
lators of several steps in neural lineage development
(Brunet and Ghysen 1999; Cepko 1999; Guillemot 1999;
Morrison 2001). In particular, a subset of neural bHLH
genes, the proneural genes, has been shown to play a
central role in the selection of neural progenitor cells.
Two families of proneural genes have been identified in
Drosophila, the achaete-scute genes (ac-sc) which con-
trol the generation of progenitors for the central nervous
system (CNS) and external sense organs in the peripheral
nervous system (PNS), and genes of the atonal family
(ato) which control the generation of progenitors for pho-
toreceptors, chordotonal organs, and olfactory receptors
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(Modolell 1997; Campos-Ortega 1998). In vertebrates, a
large number of bHLH genes are expressed in the devel-
oping nervous system, but only a fraction of them appear
to have a proneural function. Loss-of-function (LOF)
analyses in mouse have demonstrated that the ac-sc ho-
molog Mashl and the ato-related genes Neurogenin
(Ngn) 1 and Ngn2 are required for the generation by neu-
ral stem cells of various populations of progenitor cell
populations in the PNS and CNS, including progenitors
in the ventral telencephalon and olfactory epithelium for
Mash1, and in the cranial and dorsal root ganglia, the
dorsal telencephalon and the ventral spinal cord for
Ngnl and Ngn2 (Cau et al. 1997; Fode et al. 1998, 2000;
Ma et al. 1998; Casarosa et al. 1999; Horton et al. 1999;
Scardigli et al. 2001). In contrast, several other bHLH
genes that are also expressed by neural progenitor cells,
including the ato orthologs Mathl and Math5 and
NeuroD, do not appear to be involved in this initial step
of neurogenesis (Bermingham et al. 1999; Wang et al.
2001).

Although functional studies in Drosophila and verte-
brates initially focused on demonstrating a proneural
function for bHLH proteins, the restricted expression of
proneural genes in distinct populations of neural pro-
genitors that give rise to different subtypes of neurons
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raised the possibility that they may also influence neu-
ronal fate decisions. Consistent with this idea, gain-of-
function (GOF) experiments in Drosophila have shown
that the ectopic expression of atonal and achaete-scute
results in the generation of different types of sense or-
gans (Jarman et al. 1993; Chien et al. 1996; Jarman and
Ahmed 1998). In addition, rescue experiments in the em-
bryonic CNS have demonstrated that the achaete-scute
genes differ in their ability to specify neural precursor
identities (Parras et al. 1996; Skeath and Doe 1996), and
similarly, atonal and a closely related gene, amos pro-
mote the development of different types of olfactory
sense organs (Goulding et al. 2000; M.L. Huang et al. 2000).

In vertebrates, there is evidence that some bHLH
genes have conserved a neuronal subtype specification
activity similar to that of their Drosophila counterparts
(for review, see Brunet and Ghysen 1999; Cepko 1999;
Guillemot 1999; Hassan and Bellen 2000). In the best
studied case, Mash1 has been shown by both GOF and
LOF analyses to regulate the expression of the homeodo-
main gene Phox2a, which together with its relative
Phox2b is an essential determinant of the noradrenergic
neurotransmitter phenotype (Hirsch et al. 1998; Lo et al.
1998). These results have led to the proposition that
Mash1 coordinates generic and neuronal subtype specific
programs of neurogenesis (Hirsch et al. 1998; Lo et al.
1998). However, both Mash1 and Phox2b are required for
Phox2a expression in neural crest-derived autonomic
precursors (Hirsch et al. 1998; Lo et al. 1998; Pattyn et al.
1999), and their respective contribution to the activation
of an autonomic program of differentiation during nor-
mal development has not been addressed directly. In par-
ticular, the role of Mashl in noradrenergic differentia-
tion remains unclear as the loss of Phox2a expression in
Mash1 LOF mutants may reflect a requirement for the
proneural function of Mash1 to progress past the stage of
Phox2a expression, as well as a more direct role in regu-
lating Phox2a expression. Additional evidence for a role
of Mash1 in the specification of neuronal subtype iden-
tity is its capacity to induce the expression of GABAergic
differentiation markers in dorsal telencephalic neurons
(Fode et al. 2000). However, as this result is based on
GOF analysis, it remains unknown whether it reflects a
genuine function of Mash1 during telencephalic devel-
opment.

A role in the specification of neuronal phenotypes has
also been attributed to several of the vertebrate ato-re-
lated genes. Ectopic expression of the Ngn genes in mi-
gratory neural crest and mesodermal cells has been
shown to induce the expression of several sensory neu-
ron markers as well as generic markers of neuronal dif-
ferentiation, thus implicating Ngn genes in the specifi-
cation of sensory phenotypes in the PNS (Perez et al.
1999). A role for Ngns in the specification of neuronal
identity in the CNS has not been addressed directly,
however, particularly in a situation where Ngn activity
could be compared directly with that of Mashi, in a
manner similar to the parallel GOF analysis of ac-sc and
ato genes performed in Drosophila (Chien et al. 1996;
Parras et al. 1996; Bray 2000). In contrast, ato-related
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genes other than Ngns have been shown to have impor-
tant functions in the specification of particular neuronal
subtypes, including Math1 for sensory inner ear cells and
Math5 for retinal ganglion cells (Kanekar et al. 1997;
Bermingham et al. 1999; Hassan and Bellen 2000; Mat-
ter-Sadzinski et al. 2001).

Here, we have directly addressed the roles of Mashl
and Ngn2, two bHLH genes with well characterized pro-
neural functions, in the specification of neuronal sub-
type identity. To avoid some of the limitations inherent
to traditional LOF and GOF approaches, we have used a
knock-in (KI) strategy, whereby the coding sequence of
one of the two genes was introduced into the locus of the
second gene that was simultanously deleted. In the re-
sulting two strains of mice, Mashl precisely replaces
Ngn2 (Ngn2XMashl mice) and Ngn2 replaces Mashl
(Mash1¥™12 mice) in the expression domain specific to
the replaced gene. Given that these KI mutations result
in the ectopic expression of a proneural gene in a distinct
lineage but in a normal context, the resulting pheno-
types should be relevant to the normal functions of these
two genes. Moreover, the KI mutations allow for a direct
comparative analysis of the activities of Mashl and
Ngn2 proneural proteins in the same cells. Finally, in
this system we retain a proneural activity in neural pro-
genitors, allowing neuronal subtype specification defects
to be distinguished from proneural defects. Using these
KI mutant mice, we have asked the following questions:
Do both Mash1 and Ngn2 have an intrinsic capacity to
specify neuronal subtype identity, and to what extent is
their specification function influenced by the cellular
context? In other words, can these proneural genes im-
pose a new subtype specification program on progeni-
tors, or are their activities constrained by other determi-
nants with which they cooperate? Finally, how essential
is the contribution of proneural genes to the specifica-
tion of neuronal subtype identity in the different lin-
eages where such a function has been demonstrated?

From this comparative analysis of Mashl and Ngn2
functions, we conclude first that Mash1 can respecify a
variety of distinct neuronal lineages when ectopically
expressed in Ngn2+ precursors, whereas Ngn2 cannot re-
specify Mashl+ progenitors, indicating that Mashl has
an instructive role in specifying the identity of various
neuronal subtypes whereas the role of Ngn2 in this pro-
cess is permissive. Second, the ectopic expression of
Ngn2 can only rescue some of the neuronal populations
that normally depend on Mash1 activity, likely reflect-
ing the existence of parallel specification pathways in a
subset of MashI-expressing lineages.

Results

Replacement of Mashl by Ngn2 in mice

To systematically compare the activities of Ngn2 and
Mash1 in contexts where proneural genes are normally
active, we generated two KI mutations. An initial char-
acterization of chimeric mice carrying a mutation in
which the Mash1 coding sequence replaces the Ngn2 se-
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quence (Ngn2K™Mashl) hag heen reported previously (Fode
et al. 2000). The reciprocal mutation, whereby the cod-
ing sequence of Mash1 was replaced by the sequence of
Ngn2 (Mash1¥/N¢n2; Fig. 1A), was generated by homolo-
gous recombination in embryonic stem cells. The muta-
tion was transmitted to the germ line and animals het-
erozygous for the Mash1¥/™N¢2 g]lele were viable and fer-
tile, whereas homozygous Mash1%/M¢2 animals died at
birth in a manner similar to Mashl null mutant
(Mash1*) animals, indicating that Ngn2 does not have
the capacity to completely rescue Mash1 function.

We confirmed that Ngn2 is correctly expressed in the
Mash1 expression domain of Mash1®™¢2 mice using
two RNA probes recognizing respectively the coding se-
quence of Ngn2 and the 3’ untranslated region (UTR) of
Mash1, both of which hybridize to the transcript en-
coded by the Mash1¥™s72 allele (Fig. 1B). In the telen-
cephalon of wild-type mice at E12.5, Ngn2 is expressed
exclusively in the dorsal telencephalic ventricular zone
(VZ) whereas Mash1 is expressed at high levels in the
ventral VZ and at low levels dorsally (Fig. 1B). In em-
bryos homozygous for the Mash1¥/Ns12 gllele (referred to
below as Mash1¥™¢32 embryos), chimeric transcripts
coding for the Ngn2 protein were found in the VZ and
subventricular zone (SVZ) of the lateral and medial gan-
glionic eminences at levels comparable to those of wild-
type Ngn2 transcripts in the mediodorsal telencephalon
and of wild-type Mash1 transcripts in the ventral telen-
cephalon (Fig. 1B). Ectopic expression of Ngn2 was also
observed in other parts of the Mash1 expression domain,
including the olfactory epithelium and the autonomic
nervous system (data not shown).

Ectopic Ngn2 compensates for the Ioss of Mashl
proneural function in ventral telencephalon

Mash1 and Ngn2 have been shown to act as proneural
genes in different regions of the nervous system (Fode et

A

al. 1998, 2000; Ma et al. 1998, 1999; Casarosa et al. 1999).
The proneural function of Mashl, i.e., its role in the
selection of neural progenitors and the activation of
Notch signaling, has been best characterized in the ol-
factory epithelium (Guillemot et al. 1993; Cau et al.
1997) and ventral telencephalon (Casarosa et al. 1999;
Horton et al. 1999). We first asked whether Ngn2 has the
capacity to substitute for Mash1 proneural function and
to initiate the neurogenesis program normally activated
by Mash1 by comparing the development of the ventral
telencephalon and olfactory epithelium in Mash1%/Nen2
and Mash1® mutant embryos. Strikingly, Mash1*Nsn2
embryos presented a complete rescue of the defect in
ventral telencephalic progenitors observed in Mashi1®
embryos at E12.5, as shown by the presence of a medial
ganglionic eminence (MGE) of normal size (Fig. 2A"-F"),
in comparison with the atrophic MGE in Mash1® mu-
tants (Fig. 2A'-F'). Moreover, MGE progenitors differen-
tiated normally, as shown by normal expression of the
homeodomain-containing gene Prox1 in SVZ progenitors
and of the panneuronal marker SCGI0 in postmitotic
neurons in the mantle zone, whereas both markers are
reduced in the ventral telencephalon of Mashi1® em-
bryos, particularly in the pallidal region (Fig. 2A’,
A" BB,

We then examined whether ectopic Ngn2 in ventral
telencephalic progenitors activates Notch signaling, a
pathway that is defective in Mash1® embryos (Casarosa
et al. 1999; Fig. 2). Expression of the Notch ligand, DII1
and of the transcriptional effector of Notch signaling,
Hes5 (Ohtsuka et al. 1999) was rescued in Mash1%/™N¢12
embryos (Fig. 2C"; data not shown). Moreover, transcrip-
tion at the Mash1 locus, examined with a Mash1 3'UTR
probe recognizing transcripts from the wild-type,
Mash1® and Mash1¥Ns"2 glleles of Mashl, was re-
stricted to a subset of progenitor cells in the VZ of
Mash1¥™V¢12 embryos, as observed in wild-type embryos
(Fig. 2D,D"), whereas it was more uniform in Mashi*

+——+ I - + Mash1 locus

construct Mash1 KINgn2-neo

Figure 1. Targeting strategy to introduce the e

- . m by © targeted allele
T T . T ' MashtXiNgn2-neo

Ngn2 sequence into the Mash1 locus. (A) Target-
ing vector designed to substitute the coding se-
quence of Mash1 with the coding sequence of B
Ngn2, leaving the 5’ and 3’ untranslated regions
(UTR) of Mash1 intact. Following transmission
of the mutation to the germline, the neomycin
resistance gene (Neo) was excised, giving rise to
the Mash1X™sn2 gllele. (B) Hybridization of RNA
probes for the Mash1 3'UTR sequence and the
Ngn2 coding sequence to frontal sections of the
telencephalic region of E12.5 wild-type and
Mash1¥/N22 homozygous mutant embryos,
showing that Mash1X™s12 transcripts are de-
tected in the ventral telencephalon.
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Figure 2. Ngn2 rescues ventral telencephalic development and
does not promote dorsal telencephalic fates when replacing
Mash1 in ventral telencephalic progenitors. Frontal sections at
telencephalic level of E12.5 wild-type (A-F), homozygous
Mashi1* (A'-F'), and homozygous Mash1*/N¢"2 (A"_F") embryos
were hybridized with RNA probes for the genes shown on the
left. Progenitors in the medial ganglionic eminence (MGE) are
missing in Mashl * embryos (A’-F'), and MGE formation is
rescued by Ngn2 expression from the Mash1 locus (A"-F'). Dif-
ferentiation of MGE progenitors is also restored, as shown by
expression of Prox1 in subventricular zone (SVZ) progenitors
(A”) and of SCG10 in mantle zone neurons (B"). Ngn2 expression
in ventral telencephalic progenitors also restores Notch signal-
ing, as shown by expression of the Notch effector Hes5 in ven-
tricular zone (VZ) progenitors (C”) and by the “salt and pepper”
pattern of expression of Mash1, as detected by a Mash1 3'UTR
probe (D”"), whereas Mash]1 is transcribed more uniformly by VZ
cells in Mash1 » embryos (D’'). Oulined areas in D-D" are mag-
nified in the insets. Neurons differentiating from Ngn2-express-
ing progenitors in the ventral telencephalon acquire a normal
phenotype, as shown by their expression of ventral markers
such as GADG67 (E") and by the lack of misexpression of dorsal-
specific genes such as NeuroD (F').

embryos (Fig. 2D’). This supports the conclusion that a
Notch-mediated process of lateral inhibition involved in
down-regulating proneural gene expression (de la Pompa
et al. 1997) is restored in Mash1*™¢"2 mutants. Finally,
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the premature expression of the SVZ markers Proxl,
GADG67, and DIx5 in the VZ in Mash1* embryos was not
observed in Mash1¥™¢72 embryos (Fig. 2A’,A”,E’,E"; data
not shown).

Together, these data demonstrate that Ngn2 misex-
pression in ventral telencephalic progenitors can fully
compensate for the loss of Mash1 in all aspects of Mash1
proneural function in the ventral telencephalon, that is,
the activation of Notch signaling in VZ progenitors, the
selection of SVZ progenitors, and the differentiation of
postmitotic neurons. In a similar manner, the ectopic
expression of Ngn2 resulted in normal development of
the olfactory epithelium in Mash1¥™Vs"2 embryos (data
not shown).

Replacement of Mashl by Ngn2 does not change
the identity of ventral telencephalic neurons

We next addressed the possibility that Mash1 and Ngn2
activate distinct differentiation programs in telencephal-
ic progenitors, as suggested by the observation that the
two genes are expressed in complementary ventral and
dorsal telencephalic domains that give rise to neuronal
populations with different phenotypic characteristics,
including different neurotransmitter phenotypes, i.e.,
GABAergic and glutamatergic, respectively (Wilson and
Rubenstein 2000). We have shown previously that when
Mash1 is expressed from the Ngn2<™ashi gllele, it in-
duces in a subset of dorsal telencephalic neurons the
expression of the markers of GABAergic neurons,
GADG67 and DIx1, suggesting that Mash1 specifies as-
pects of the neurotransmitter phenotype of telencephalic
neurons (Fode et al. 2000). We asked whether recipro-
cally, the replacement of Mash1 by Ngn2, which rescues
the differentiation of ventral telencephalic neurons in
the pallidum (Fig. 2B”), results in the misspecification of
these neurons.

We examined the phenotype of neurons differentiating
from Ngn2-expressing MGE progenitors in Mash1*/s»2
using ventral-specific markers. Surprisingly, these neu-
rons appeared correctly specified, as shown by the nor-
mal expression of GAD67 and DIx1 at E12.5 (Fig. 2E”;
data not shown). Moreover, examination of the cortex of
Mash1¥™¢72 embryos at E15.5 revealed normal expres-
sion patterns of GADé67, DIx1, and Lhx6 (Fig. 3A”,B’;
data not shown), indicating that interneurons migrating
tangentially from the ventral telencephalon into the cor-
tex, a neuronal population that is dramatically reduced
in Mash1® mutant embryos (Casarosa et al. 1999; Ander-
son et al. 2001; Fig. 3A’,B’), are produced by Ngn2-ex-
pressing ventral telencephalic progenitors.

Finally, to ask whether Ngn2 can impart dorsal telen-
cephalic characteristics when misexpressed in ventral
progenitors, we examined the expression of the dorsal
telencephalic markers NeuroD, Tbrl, and Math2 in
Mash1¥NVs12 embryos. Expression of Thr1 and Math? is
dependent on Ngn2 function in the dorsal telencephalon
(Fode et al. 2000), and NeuroD is a direct target of Ngn
genes in all Ngn-dependent lineages (Ma et al. 1996,
1998; Fode et al. 1998; H.P. Huang et al. 2000). Surpris-
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Figure 3. Ngn2 rescues the formation of tangentially migrating
interneurons in the cerebral cortex. Frontal sections through the
telencephalon of E15.5 embryos hybridized with RNA probes
for markers of tangentially migrating interneurons. Interneu-
rons expressing DIx1 (A-A") and GADG67 (B-B') are born in the
ventral telencephalon and migrate tangentially into the cortex.
Many of these neurons are missing in absence of Mash1 (A’, B'),
and are rescued in Mash1%™s"2 embryos (A”, B"). Outlined areas
are magnified in the insets.

ingly, none of these genes was ectopically expressed in
the ventral telencephalon of Mash1%™¢72 embryos at
E10.5 and E12.5 (Fig. 2F"; data not shown). Thus, in strik-
ing contrast to the previous demonstration that Mash1
can confer ventral characteristics to dorsal telencephalic

neurons (Fode et al. 2000), Ngn2 does not have the ca-
pacity to respecify ventral telencephalic neurons, and
cannot even activate in the ventral telencephalon its di-
rect target NeuroD, which is normally induced in all
Ngn-dependent lineages.

Replacement of Ngn2 by Mashl respecifies a subset
of spinal motor neurons

The differences between the KI phenotypes of Mash1 and
Ngn?2 in the telencephalon may be caused by intrinsic
differences in the activities of these two genes, or could
reflect different strategies employed to specify ventral
and dorsal identities in this region, with proneural genes
contributing dorsally but not ventrally. To further ad-
dress the possibility that Mashl and Ngn2 have diver-
gent properties in neuronal subtype specification, we ex-
amined the phenotypes of Mash1X™s#2 and Ngn2kiMash1
embryos in the ventral spinal cord, another region of the
CNS where Mashl and Ngn2 are expressed in distinct
progenitor domains.

Ngn2 is broadly expressed in the VZ of the ventral
spinal cord (Sommer et al. 1996; Scardigli et al. 2001).
Loss of Ngn2 function leads to reduced expression of a
number of homeodomain proteins throughout the ven-
tral spinal cord, including in motor neurons and V1, V2,
and V3 interneurons (Scardigli et al. 2001; Fig. 4C). In
contrast, Mash1 expression in the ventral spinal cord is
restricted at E10.5 to a narrow region of the VZ, coincid-
ing with the domain that will produce V2 interneurons,
characterized by expression of the homeodomain protein

Ngn2 KiMash1/+ Mash 1KFNQ!I?

Mash1® Ngn?‘ Ngn2 KMesh

L _. e @

w10

olslet1 aCl

Chx10

Figure 4. Mash1 and Ngn2 LOF and GOF phenotypes in the ventral spinal cord. (A-F) Double immunolabeling for the motor neuron
marker Isl1 (red) and the V2 interneuron marker Chx10 (green) in transverse sections at brachial level of the ventral spinal cord of E10.5
embryos. There is a drastic reduction in number of V1 interneurons produced in the Mash1 mutant spinal cord (B), and expression of
subtype-specific homeodomain proteins is affected in many neuronal populations of Ngn2 mutant embryos (Scardigli et al. 2001),
including Isll in motor neurons and Chx10 in V1 interneurons (C). Expression of Isl1 is rescued by the ectopic expression of Mash1
in most motor neurons of homozygous Ngn2X™ash! embryos (D), whereas a few cells in the motor neuron population fail to express
Isll and instead express Chx10 (D). Ectopic expression of Chx10 in cells ventral to the V2 interneuron population is also observed in
embryos heterozygous for the Ngn2X'ash1 allele (E). Expression of Ngn2 from the Mash1 locus in Mash1X™N$"2 homozygous mutant
embryos does not rescue the defect in V2 interneurons resulting from the loss of Mash1 function (F). (G-L) Sections of the brachial
spinal cord of E10.5 embryos hybridized with an RNA probe for Chx10. Loss of Mashl results in a severe reduction in Chx10
expression (H) which is not rescued by ectopic Ngn2 expression in MashI-expressing progenitors (L). In contrast, ectopic expression
of Mash1 in Ngn2-expressing progenitors leads to a ventral expansion of the Chx10 expression domain (J,K).
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Chx10 (Mizuguchi et al. 2001). In Mash1* embryos, ex-
pression of Chx10 was severely reduced, indicating that
Mash1 is required for the specification and/or differen-
tiation of V2 interneurons (Fig. 4B). In contrast, markers
for motor neurons and V1 interneurons showed no overt
defects (data not shown).

To determine whether the defects found in the spinal
cord of Ngn2* and Mash1® mutants reflect a generic pro-
neural or differentiation function of Ngn2 and Mash1 in
motor neurons and V2 interneurons, or conversely, spe-
cific functions of the two genes, we examined whether
these defects were rescued in Mash1%™s72  and
Ngn2KIMashl mice. Labeling of the ventral spinal cord of
E10.5 Ngn2XiMashl embryos with Chx10 and the motor
neuron marker Isl1 showed that expression of these pro-
teins was largely normal (Fig. 4D), indicating that Mash1
can replace Ngn2 for the control of the expression of
neuron-specific homeodomain proteins. However, a
small number of cells expressing Chx10 was inter-
mingled with Isl1+ motor neurons (Fig. 4D), suggestive
of a defect in motor neuron specification in these em-
bryos. Ectopic Chx10+ cells, which were also observed in
mice heterozygous for the Ngn2X/Mashl gllele (Fig. 4E)
did not express Isll1, indicating that these neurons have
not acquired a mixed phenotype. Irx3 expression, which
marks the V2 interneuron progenitor domain and not the
motor neuron progenitor domain (Briscoe et al. 2000)
was in contrast unaffected in Ngn2</™sh? embryos (data
not shown), thus excluding the possibility that the pres-
ence of Chx10+ cells ventral to their normal location is
caused by abnormal mixing of progenitor populations for
motor neurons and V2 interneurons. These results thus
indicate that a subset of neurons in the spinal cord of
Ngn2KMashl emhryos have been converted from a Isl1+
motor neuron phenotype to a Chx10+ V2 interneuron
phenotype, demonstrating that in the ventral spinal cord
as in the dorsal telencephalon, ectopic expression of
Mash1 is capable of respecifying a subset of Ngn2-depen-
dent neurons.

We asked whether, reciprocally, replacement of Mash1
by Ngn2 could rescue or respecify V2 interneurons. Ex-
amination of the spinal cord of E10.5 Mash1%™¢72 em-
bryos revealed that the number of Chx10+ cells was re-
duced to a similar extent in these embryos and in
Mash1® embryos (Fig. 4B). Moreover, there was no evi-
dence for the ectopic differentiation of Isl1+ motor neu-
rons or Enl+ V1 interneurons in the V2 domain (Fig. 4F;
data not shown). Therefore, ectopic expression of Ngn2
is not able to rescue the Mash1* V2 interneuron defect or
to respecify these cells into motor neurons or V1 inter-
neurons. This data thus points to a significant difference
in the properties of Mashl and Ngn2, with Mash1 and
not Ngn2 being capable of altering neuronal fates when
ectopically expressed.

Ngn2 can replace Mashl to support sympathetic
neuron development

To further compare the role of Mashl and Ngn2 in the
specification of neuronal fates, we analyzed the develop-
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ment of noradrenergic neurons in Mash1¥V#"2 mice.
Mash1 has an essential role in the specification of the
noradrenergic neurotransmitter phenotype through regu-
lation of the homeodomain genes Phox2a and Phox2b, in
both peripheral neurons of sympathetic ganglia and cen-
tral neurons of the locus coeruleus (Hirsch et al. 1998; Lo
et al. 1998). The panneuronal marker SCG10 and the
noradrenergic markers Phox2a, DBH, and TH were ex-
pressed at normal levels in sympathetic precursors of
Mash1¥™72 embryos at E10.5 (Fig. 5B"-E”; data not
shown), whereas their expression was undetectable in
Mash1* embryos (Fig. 6B’'-E’). Furthermore, and in con-
trast with previous experiments showing that ectopic
expression of an Ngn gene can induce the expression of
sensory-specific markers in nonsensory neural crest de-
rivatives (Perez et al. 1999), no ectopic expression of the
sensory markers NSCL2 and Brn3 was observed in sym-
pathetic ganglia in Mash1¥™¢72 embryos (Fig. 5F" data
not shown). Thus, ectopic expression of Ngn2 in Mash1
mutant precursors supports sympathetic neuron differ-
entiation, including the acquisition of a noradrenergic
phenotype, and does not ectopically activate sensory
neuronal traits.

Strikingly, despite the initial rescue of sympathetic
neuron development, expression of Phox2a, DBH, and
SCG10 was severely reduced in the sympathetic chain of
Mash1¥™s72 embryos at E13.5, to an extent similar to
that seen in Mash1® embryos (Fig. 5G’,H’,G",H"). Thus,
Ngn2 expression is not sufficient to maintain a normal
differentiation program in Mashl mutant sympathetic
neurons. The appearance of a sympathetic mutant phe-
notype in Mash1¥™&"2 embryos between E10.5 and
E13.5 could be attributable to a defect in proliferation or
to a degeneration of Ngn2-expressing sympathetic pre-
cursors. TUNEL analysis revealed no increase in cell
death in sympathetic ganglia of E11.5 and E12.5
Mash1¥™Ve22 mutants (Fig. 5],]'; data not shown). In con-
trast, a marked reduction in the number of sympathetic
precursors staining with the mitotic cell-specific anti-
body Ki67 was observed in Mash1®™¢72 embryos at
E11.5 (Fig. 51,I'), and 46% fewer Phox2b+ precursors in-
corporated BrdU in Mash1%™¢2 mutant embryos in
comparison to wild-type controls (n>3000; data not
shown). These results implicate a cell proliferation de-
fect as a major cause for the incomplete generation of the
sympathetic chain in Mash1%/N%2 embryos, and suggest
that Ngn2 has a greater capacity than Mash1 to arrest
proliferation of sympathetic precursors.

Ngn2 does not rescue locus coeruleus development
in Mash1¥™Ne"2 mutant embryos

The initial rescue of noradrenergic differentiation in
Mash1¥™¢72 embryos could reflect the capacity of Ngn2
to directly activate the noradrenergic regulatory cascade
when expressed in sympathetic precursors. Alterna-
tively, noradrenergic differentiation in Mash1%™™&"2 em-
bryos may be driven by the independent Phox2b path-
way (Pattyn et al. 1999), with Ngn2 providing only a
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Figure 5. Ngn2 rescues the differentia-
tion of noradrenergic neuronal precursors _
in sympathetic ganglia but does not sup- &
port their proliferation. Transverse sec- &
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and DBH (D’), are not expressed, and post-
mitotic SCG10+ neurons (E’) are not gen-
erated. In Mash1¥™s"2 embryos, Ngn2
supports the noradrenergic differentiation
of sympathetic precursors, as shown by ex-
pression of Phox2a (C") and DBH (D"), and
the generation of postmitotic SCG10+
neurons (E"). Hybridization on sagittal sec-
tions of E13.5 embryos with probes for
Phox2a (G-G") and SCG10 (H-H") shows

Phox2a

L]
that the sympathetic ganglia of Mash1</Ns»2 D D

embryos (G”, H") are reduced compared
with wild-type ganglia (G, H), to a level T
similar to that seen in MashI® embryos %
(G', H'). Antibody staining for the mitotic . .
marker Ki67 reveals a reduced number of
dividing cells in sympathetic ganglia of E{
Mash1¥/N&2 embryos at E12.5 (I') as com- i
pared with wild-type embryos (I). TUNEL b
analysis shows that there is no increase in
cell death in sympathetic ganglia of
Mash1¥Ne12 embryos at E11.5 (J'). Arrow- S
heads indicate sympathetic ganglia

SCG10

generic proneural/neuronal differentiation activity to
sympathetic precursors. To further examine the poten-
tial of Ngn2 to promote the noradrenergic phenotype, we
studied locus coeruleus development in Mashi® ™2
embryos. In E10.5 wild-type embryos, locus coeruleus
precursors form a characteristically shaped group of cells
in the rostral hindbrain that express Mashl, Phox2a,
Phox2b, and DBH (Fig. 6A-C; data not shown). Ngn2 is
expressed with a similar pattern in Mash1*™¢72 em-
bryos (Fig. 6A’). In E10.5 Mash1¥™$22 mutant embryos,
expression of Phox2a, Phox2b, and DBH was undetect-
able in this region (Fig. 6B’,C’; data not shown), as re-
ported previously for Mash1® embryos (Hirsch et al.
1998; data not shown). The locus coeruleus was also ab-
sent in Mash1%/N&2 mice at E13.5 (Fig. 6E”,F") and at PO
(Fig. 6G’). Thus, Ngn2 does not rescue noradrenergic
neuron development in the locus coeruleus, suggesting
that Ngn2 does not have the potential to activate the
noradrenergic differentiation pathway. Therefore, the
rescue of sympathetic neuron differentiation in
Mash1¥Ne22 embryos is likely caused by the combined
activities of Ngn2, compensating for the loss of the ge-
neric neuronal determination/differentiation function of
Mash1, and of an independent noradrenergic specifica-
tion pathway driven by Phox2b, which is active in sy-
mathetic precursors and not in the locus coeruleus.
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Mash1 does not rescue dorsal root ganglia
development in Ngnl?®, Ngn2¥™ashl mutant embryos

Ngn1 and Ngn2 have been shown to control the genera-
tion of different populations of sensory neurons in dorsal
root ganglia (DRGs), resulting in a transient defect in
neurogenesis in Ngn2 mutant mice, whereas the loss of
both Ngnl and Ngn2 completely blocks DRG develop-
ment (Ma et al. 1999). A similar delay in onset of neu-
ronal differentiation in DRGs was observed in
Ngn2KiMashl mice using a probe for the panneuronal
marker SCG10 (Fig. 7D,E). Moreover, no differentiation
of DRG neurons was observed in Ngnl?; Ngn2XiMashi
double mutant embryos (Fig. 7F), a phenotype similar to
that of Ngn1*; Ngn2* double mutants. Thus ectopic ex-
pression of Mashl1 from the Ngn2 locus does not rescue
DRG defects, indicating that Ngn2 has a unique activity
in the development of peripheral sensory ganglia that
Mash1 cannot carry out.

Discussion

Mash1 and Ngn2, two proneural genes belonging respec-
tively to the achaete-scute and atonal families of bHLH
factors are expressed in distinct and complementary pro-
genitor populations throughout the nervous system (Fig.
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Figure 6. Ngn2 does not rescue the development of noradrenergic neurons of the locus coeruleus. (A-D, A’-C’) Hybridization of E10.5
wild-type (A-D) and Mash1¥N¢m2 embryos (A'~C') embryos with probes for Mash1 (A), Phox2b (B) and DBH (C), showing expression
of these genes in precursors of the locus coeruleus, located in the rostral hindbrain near the thombic lip (arrowheads). Ngn2 is expressed
in these precursors in Mash1X™s2 embryos (A’) and not in wild-type embryos (D). Nevertheless, noradrenergic traits, including
expression of Phox2b (B') and DBH (C') are not induced by Ngn2 in Mash1XN¢"2 embryos. (E-E", F-F") Sagittal sections at the level of
the fourth ventricle in wild-type and mutant embryos at E13.5. Phox2a and DBH are normally expressed by the neurons of the locus
coeruleus located anterior and dorsal to the fourth ventricle (arrowheads in E and F, respectively), whereas expression of the two genes
is missing at the same location in Mash1* (E’, F') and Mash1¥Ns12 embryos (E", F'). (G, G') Nissl stained coronal sections at the level
of the pons at birth. The locus coeruleus is recognizable as a compact group of darkly stained neurons lateral to the fourth ventricle

(arrowhead in G), which is missing in Mash1X/N¢n2

8), suggesting that these genes contribute to the specifi-
cation of neuronal phenotypes in the CNS and PNS. We
have used a KI approach in mouse to systematically com-
pare the activities of Ngn2 and Mash1 when expressed in
the same cellular contexts and at stages when proneural
function is normally provided. We discuss here the di-
vergent roles of Mashl and Ngn2 in neuronal subtype
specification, and the variable contribution of these
genes to the specification of neuronal identity in differ-
ent lineages (Fig. 8).

Mashl is a determinant of neuronal identity

Evidence that Mash1 has a role in the specification of
neuronal identity has been obtained in different regions
of the nervous system. The strongest evidence comes
from GOF experiments showing that Mash1 can induce
expression of (1) markers of GABAergic neurons, DIx1
and GADG7, in the cerebral cortex (Fode et al. 2000), (2)
the noradrenergic determinant Phox2a and an auto-
nomic phenotype in neural crest stem cell and neural
tube cultures (Lo et al. 1998, 2002), and (3) the marker of
V2 interneuron identity Chx10, when expressed in mo-
tor neuron progenitors (this paper). Induction of ectopic
markers in several regions of Ngn2X™ashl embryos cor-

newborns (G’).

relates with a down-regulation of markers that define
neuronal phenotype in these regions (e.g., Islet] in motor
neurons, Math?2 in cortical neurons), suggesting that ec-
topic expression of Mashl in Ngn2-expressing progeni-
tors results in substitution of neuronal subtype-specific
differentiation programs. Respecification of cortical neu-
rons and spinal motor neurons is also observed to some
extent in heterozygous Ngn2<™esh? embryos (Fode et al.
2000; Fig. 4E), indicating that this phenotype is indeed
caused by the ectopic expression of Mashl and that the
expression of Ngn2 in the same cells does not signifi-
cantly interfere. Moreover, it is important to notice that
only a subset of neurons are respecified in both the dorsal
telencephalon and motor neuron domains of homozy-
gous Ngn2K™Mashl embryos whereas the majority of neu-
rons differentiate normally (Fode et al. 2000; Fig. 4D),
clearly indicating that instructive cues for the specifica-
tion of cortical neurons and motor neurons persist in
these mutant embryos in the absence of Ngn2 function.

From the above data, we conclude that Mashl is an
instructive determinant of neuronal subtype identity, in
the sense that it can override endogenous differentiation
programs when ectopically expressed, thus demonstrat-
ing that it conveys neuronal subtype information and
acts to some extent independently from the cellular con-
text. A striking feature of the Ngn2X/esh? mutant phe-
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Figure 7. Mash1 does not rescue the development of Ngn2-
dependent sensory neurons in dorsal root ganglia. (A, B). Trans-
verse section of E9.5 embryos sectioned following whole mount
in situ hybridization with a Mash1 probe. Mash1 is expressed in
sympathetic ganglia (arrowheads) of both wild-type and Ngn1*,
Ngn2KMash1 double mutant embryos. Mash1 expression is also
observed in migrating neural crest cells entering DRGs in a
Ngn2KMashl embryo. (C—F) Mouse embryos at E10.5 are probed
with the pan-neuronal marker SCG10. A wild-type embryo
shows DRG staining well beyond the 20 somite (C, arrow).
SCG10 expression in Ngn2KMash (E) is delayed in comparison
to the wild-type embryo, as also observed in Ngn2* mutants (D).
Arrowhead points to the eighth somite (C-E). Ngni?,
Ngn2KiMashl embryo (F) shows no SCGI0 staining in DRGs,
indicating that no sensory neurons are generated by Mash1 ex-
pression from the Ngn2 locus.

notype is that ectopic expression of Mash1 results in the
induction of different neuronal phenotypes in different
regions of the nervous system, i.e., GABAergic neurons
in the telencephalon and V2 interneurons in the spinal
cord. If one includes the induction of Phox2a in neural
crest cultures, then Mash1 is able to induce at least three
different phenotypes in different progenitor populations.
Within each of these regions, however, Mashl expres-
sion and activity are associated with only one neuronal
phenotype. This suggests that the specificity of Mash1 is
modulated by regionally restricted cofactors, a hypoth-
esis already proposed to account for the context-depen-
dent specificity of Drosophila proneural proteins in sen-
sory organ induction (Chien et al. 1996; Jarman and
Ahmed 1998; Goulding et al. 2000). The identification of
modulators of proneural gene activity will be critical to
understand how neuronal identities are specified.
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A permissive role for Ngn2 in specification
of neuronal fates

In contrast with Mash1, Ngn2 does not have an instruc-
tive role in the specification of neuronal identity, based
on both GOF (this study; Mizugushi et al. 2001) and LOF
studies (Scardigli et al. 2001). First, none of the tissues
examined in Mash1¥/™¢"2 mice showed evidence of re-
specification of neuronal identity (Fig. 8), indicating that
the replacement of Mash1 by Ngn2 is not sufficient to
override the subtype-specific differentiation programs
activated in Mash1-expressing progenitors. This is in
clear contrast with the ectopic expression of subtype-
specific markers in the telencephalon and spinal cord in
Ngn2KMashl emhryos (Fode et al. 2000; Fig. 8). Second,
electroporation of Ngn2 in the neural tube of chick em-
bryos results in premature cell cycle exit and premature
neuronal differentiation of neuroepithelial cells, as ex-
pected for a gene with proneural activity, but Ngn2-in-
duced ectopic neurons do not express markers of motor
neurons or ventral interneurons, consistent with the
idea that Ngn2 does not have the capacity to endow pro-
genitor cells with neuronal subtype information in an
ectopic context. In contrast, the bHLH gene Olig2 has
the capacity in the same assay to induce the expression
of a number of motor neuron markers (Mizugushi et al.
2001; Novitch et al. 2001).

One interpretation of the above data could be that the
function of Ngn2 in neurogenesis is strictly that of a
proneural gene being involved in the selection of pro-
genitor cells (Fode et al. 1998) and their commitment to
a “generic” neuronal fate (Nieto et al. 2001), but having
no role in the specification of neuronal identity. We do
not think that this interpretation is likely for several
reasons. First, LOF analysis of Ngns has revealed that
although Ngnl and Ngn2 have redundant proneural
functions in the ventral spinal cord (as only
Ngn14;Ngn2® double mutants present a marked reduc-
tion in neurogenesis; Scardigli et al. 2001), Ngn2* single
mutants present a severe reduction in expression of neu-
ronal subtype-specific homeodomain proteins through-
out the ventral spinal cord. Thus, Ngn2 function is re-
quired in neuronal fate specification programs indepen-
dantly of its proneural activity (Scardigli et al. 2001). In
the dorsal spinal cord, loss of Ngnl and Ngn2 functions
results in the substitution of a specific population of in-
terneurons (D3A neurons) by another (D1 neurons), but
this could be attributable to repression by Ngns of the
subtype determinant Mathl rather than to a direct role
of Ngns in specification of dorsal interneuron identity
(Gowan et al. 2001).

GOF experiments also support the idea that Ngns con-
tribute to the specification of neuronal identity, in par-
ticular for peripheral sensory neurons. Forced expression
of Ngn1 in vivo by retroviral infection in the chick re-
sults in ectopic expression of several sensory neuron
markers in tissues of neural and mesodermal origin
(Perez et al. 1999). Expression of Ngn1 or Ngn2 in disso-
ciated neural tube cell cultures induces sensory neurons
more efficiently than it promotes neuronal differentia-



Ngﬂ Wﬂl‘!

RN RN: +
RSS: + RSS: +
RNS: + NS: -

Proneural genes in specification of neuronal identity

Mash14 Mash1"Non2

A

B dorsal telencephalic phenotype

[l ventral telencephalic phenotype

RN: nd

RN:unaffected :
RSS: + RSS: -
RNS: + RNS: -
| B motor neuron phenotype B V2 interneuron phenotype

Ngn1%;Ngn2™ssh'  Ngn1‘;Ngn2*
RN: nd
RSS: - a) | (e ﬂl‘
RNS: - RN: +

v tissue missing
O tissue unaffected
RN: rescue of neurogenesis

° RSS: +
.O. RNS: -
| B sensory phenotype I
NR: nd
RSS: -
RNS: nd

RSS: rescue of subtype specification

RNS: respecification of neural subtypes I

[ locus coeruleus

Figure 8.

Summary of the phenotypic analysis of Ngn2X™Mashl and Mash1¥N¢"2 mice. The different regions of the CNS and PNS

analyzed in the two KI mouse strains are schematized. Neurogenesis defects observed in null mutant mice are rescued in KI mice
(indicated by RN +), except in tissues that are missing due to specification defects (indicated by RN nd). The rescue of specification
defects (indicated by RSS +) varies from lineage to lineage in both KI strains, reflecting the variable contribution of proneural genes to
the specification of neuronal subtype identity in different lineages. Respecification of neuronal subtypes caused by ectopic proneural

gene expression (indicated by RNS +) is observed only in the CNS of Ngn.

oKIMashl mjce, indicating that Mashl but not Ngn2 has an

instructive role in the specification of neuronal identity in the CNS.

tion, indicating that Ngns promote the sensory identity
in peripheral neurons (Lo et al. 2002). Importantly, this
activity requires specific culture conditions (i.e., low
BMP concentrations). In other conditions (i.e., high BMP
concentrations), Ngns promote instead an autonomic
fate, revealing that the role of Ngns in neuronal subtype
specification is strongly influenced by the cellular con-
text, which dictates the quality of the subtype that Ngns
promote (Lo et al. 2002). Another striking illustration of
the dependence of Ngn function on the cellular context
is the finding that ectopic expression of Ngn2 in the ven-
tral telencephalon of Mash1%"™™¢"2 mice rescues the gen-
eration of Mash1-dependent progenitors but does not in-

duce NeuroD expression, although NeuroD is a direct
target of Ngn genes throughout the embryo (H.P. Huang
et al. 2000). This result highlights the critical role played
by regionally expressed cofactors in determining the
specificity of Ngn activity and the identity of the target
genes that Ngns activate.

The inability of Ngn2 to override endogenous differen-
tiation programs when ectopically expressed may be due
in some situations to its late expression with respect to
the period of competence of neural progenitors for sub-
type specification. In the sympathetic lineage in particu-
lar, Mash1 is first expressed in progenitor cells that may
already be restricted to an autonomic fate (Lo et al. 2002),
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and this alone could explain that in Mash1%/™N&12 em-
bryos, Ngn2 expression from the Mash1 locus does not
lead to a respecification of sympathetic neurons to a sen-
sory fate. However, no systematic difference in temporal
pattern of expression has been reported between Mash1
and Ngn2 in CNS progenitors, and it is therefore likely
that differences in intrinsic properties rather than in tim-
ing of expression account for the different KI phenotypes
of Mash1 and Ngn2.

Together, results from LOF and GOF analysis support
the idea that Ngns are important components of the tran-
scription machinery underlying the specification of neu-
ronal identity. However, because Ngns do not interfere
with neuronal subtype-specific differentiation programs
when ectopically expressed (this study), and the outcome
of their activity is largely controlled by other factors (this
study; Lo et al. 2002), they do not have the characteris-
tics of instructive determinants of neuronal identity. In-
stead, they appear to function as permissive factors that
are required for the normal progression of subtype speci-
fication programs, as indicated by the role of Ngn2 in the
expression of homeodomain neuronal determinant in
the spinal cord (Scardigli et al. 2001), but that must act in
combination with instructive factors to specify neuronal
fates. In the spinal cord, the bHLH protein Olig2, which
is expressed in the motor neuron progenitor domain, is a
likely candidate as it can induce motor neuron differen-
tiation when ectopically expressed in the chick neural
tube (Novitch et al. 2001; Mizugushi et al. 2001). Simi-
larly, Mash1 is expressed in the V2 interneuron progeni-
tor domain (Mizugushi et al. 2001), and we show here
that it is involved in the specification of V2 interneuron
identity. Ngn2 is coexpressed with Olig2 and Mash1 in
progenitors for motor neurons and V2 neurons, respec-
tively (Mizugushi et al. 2001), suggesting that it may
function in cooperation with these two factors, and pos-
sibly other bHLH proteins in different progenitor popu-
lations, to promote the differentiation of the different
types of spinal cord neurons.

It has been proposed that the functions of progenitor
selection and neuronal subtype specification, which are
carried in parallel by the ac-sc and ato genes in Dro-
sophila, have been uncoupled and are controlled by dif-
ferent bHLH genes in vertebrates (Hassan and Bellen
2000). As discussed above, the results of our study do not
support this model and suggest on the contrary that ver-
tebrate bHLH genes with proneural activity (i.e., Mash1
and Ngns) also have important and diverse functions in
neuronal subtype specification, which likely involve in-
teractions with many other determinants of neuronal
identity.

Variable contribution of Mashl to the specification
of neuronal subtype identities

The rescue of the Mash1 null mutant phenotype by ec-
topic expression of Ngn2 varies in different regions of the
nervous system (Fig. 8). Although development of the
ventral telencephalon, olfactory epithelium and, tran-
siently, sympathetic ganglia is normal in Mash1®/™Ns2
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mice, there is no rescue of V2 interneurons and locus
coeruleus development. The correct differentiation of
some Mashl-dependent noradrenergic neurons (e.g.,
sympathetic neurons) but not others (locus coeruleus) is
striking, and can be explained by the difference in the
genetic pathways specifying the noradrenergic pheno-
type in these two tissues (Goridis and Brunet 1999; Pat-
tyn et al. 2000). Mash1 and the Phox2 genes are required
for the production of noradrenergic neurons in both sym-
pathetic ganglia and the locus coeruleus, but their inter-
actions differ drastically in the two tissues. In the locus
coeruleus, Mash1, Phox2a, and Phox2b act sequentially
in a linear pathway, so that in absence of Mash1, neither
Phox2a nor Phox2b is expressed (Hirsch et al. 1998; Pat-
tyn et al. 2000). The replacement of Mash1 by Ngn2 in
Mash1¥™N¢m2 mice does not rescue locus coeruleus de-
velopment, most likely because Ngn2 does not share
with Mash1 the property of sufficiency to activate
Phox2a expression and the noradrenergic differentiation
pathway. This result therefore supports the conclusion
that in the absence of instructive cofactors, Ngn2 does
not have the capacity to induce the ectopic expression of
inappropriate neuronal-subtype specific genes or the ap-
propriate expression of subtype-specific genes normally
dependent on Mash1.

In contrast with the complete dependence of Phox2a
and Phox2b expression on Mash1 activity in the locus
coeruleus, Phox2b expression is activated independently
of Mash1 in sympathetic neuron precursors, and norad-
renergic differentiation in these cells requires both and
independently Mash1 and Phox2b activity (Hirsch et al.
1998; Pattyn et al. 2000). The rescue of Phox2a expres-
sion and noradrenergic differentiation that we observe in
sympathetic precursors of Mash1¥™&32 mice is not
caused by Ngn2 activity alone, based on the conclusion
drawn from the locus coeruleus phenotype that Ngn2
does has the capacity to induce this phenotype (see
above). More likely, Ngn2 provides a proneural/differen-
tiation activity that is missing in Mashl® mutants, as
well as a context-dependent subtype-determining func-
tion. Expression of the instructive cofactor Phox2b is
then presumably sufficient, in conjunction with Ngn2,
to induce noradrenergic differentiation. Thus, the rescue
of the Mashi-null phenotype by ectopic expression of
Ngn2 in sympathetic ganglia and not in the locus coeru-
leus probably reflects the different strategies underlying
noradrenergic development in these two tissues (Goridis
and Brunet 1999).

Similar to the rescue of sympathetic neuron develop-
ment, the normal development of the ventral telen-
cephalon in Mash1¥™72 mice presents a paradox. As
already discussed, Mashl has been implicated in the
specification of the GABAergic phenotype of ventral tel-
encephalic neurons, based on its capacity to induce in
dorsal neurons the ectopic expression of DIx genes,
which are essential regulators of ventral telencephalic
neuron differentiation (Anderson et al. 1997) and of the
GABAergic neuron marker GADG67 (Fode et al. 1998). It
was therefore unexpected that replacement of Mash1 by
Ngn2 rescues the expression of DIx1 and GAD67 and the



normal differentiation of GABAergic neurons in the cor-
tex and ventral telencephalon. As discussed above in the
context of sympathetic development, this result clearly
points to the existence of a Mash1-independent pathway
of induction of DIx gene expression and GABAergic neu-
ron specification. Whereas this putative pathway cannot
alone compensate for the loss of Mashl function in
Mash1® mice, it is sufficient to rescue telencephalic de-
velopment in Mash1¥™¢"2 mice in combination with
the proneural activity and cofactor-dependent subtype
specification function of Ngn2. The respective contribu-
tions of Mash1 and other putative determinants to the
specification of GABAergic neurons during normal tel-
encephalic development remain to be established.

The role of Mash1 in the development of V2 spinal
cord interneurons appears to be more similar to that dis-
cussed above for the locus coeruleus. The ectopic expres-
sion of Chx10 observed in Ngn2X™ash mijce indicates
that Mash1 has an instructive role in the specification of
V2 interneurons, and the reduction in number of Chx10+
cells in Mashi1* mice likely reflects a requirement for
this specification function, although an additional role
for Mash1 in the selection of V2 interneuron progenitors
cannot be excluded. In any case, the lack of rescue of this
defect in Mash1%™2"2 mice indicates that Ngn2 alone
cannot compensate for the loss of a specification func-
tion of Mash1, and in addition that no other instructive
determinant of V2 interneuron identity can replace
Mash1 function, even when Ngn2 activity is provided.
Our analysis of Mash1®™¢72 mice therefore points to
important differences in the role played by Mashl in
subtype specification programs, with Mashl being the
major subtype determinant in some neuronal popula-
tions (locus coeruleus, V2 interneurons) and sharing this
role with other factors in other populations (ventral tel-
encephalon, sympathetic neurons).

Variable efficiency in the rescue of Ngn-dependent
lineages by Mashl1

The capacity of Mashl to rescue the development of
Ngn2-dependent lineages also varies in different regions
of the nervous system (Fig. 8). The normal level of neu-
rogenesis observed in the dorsal telencephalon of
NgnoKMashl demonstrates the capacity of Mashl to
compensate for the loss of Ngn2 proneural function
(Fode et al. 2000). Similarly, Mash1 rescues the defects in
homeodomain protein expression observed in the ventral
spinal cord of Ngn2 null mutant embryos (Scardigli et al.
2001; Fig. 4), and analysis of embryos homozygous for
both the Ngn2X™ashi g]lele and a Ngnl null mutant al-
lele (Ngn1%; Ngn2XMashl empryos) shows that ectopic
expression of Mashl in Ngn2-expressing progenitors is
sufficient to rescue the neurogenesis defect observed in
the spinal cord of Ngn1; Ngn2 double mutants (Scardigli
et al. 2001; data not shown). More surprisingly, ectopic
expression of Mash1 does not rescue the development of
dorsal root ganglia in Ngn14; Ngn2KMashl embryos (Fig.
7). One possibility, supported by GOF studies in disso-
ciated neural tube cell cultures (Lo et al. 2002), is that

Proneural genes in specification of neuronal identity

Ngns have a function in the specification of the sensory
identity of DRG neurons that Mash1 cannot provide, and
that in the low BMP environment of DRGs, Mash1 can-
not promote an autonomic differentiation of DRG neu-
rons.

An alternative interpretation of the lack of DRG de-
velopment in Ngni?, Ngn2X™ashl mice is suggested by
the finding that Mash1 has a greater capacity than Ngn2
to sustain the proliferation of sympathetic neuron pre-
cursors (Fig. 5L1'; Lo et al. 2002), and conversely that
atonal-related genes such as Ngns and NeuroD are more
efficient than Mash1 at promoting neuronal differentia-
tion in ectodermal cells due to a lower sensitivity to
Notch-mediated lateral inhibition (Chitnis and Kintner
1996; Ma et al. 1996; Lo et al. 2002). Because of the dif-
ferent capacities of the two genes to promote the transi-
tion from proliferation to differentiation, the substitu-
tion of Ngn2 by Mashl in DRG cells may lead to an
excess of cell proliferation and a delay of differentiation
that may interfere with cell survival. The idea that
Mash1 is more compatible with cell proliferation than
are the Ngns is supported by the observation that expres-
sion of these genes generally correlates with the prolif-
erative status of progenitor populations. Mash1 tends to
be expressed in PNS and CNS progenitors undergoing
extensive proliferation (e.g., sympathetic precursors,
ganglionic eminence in the ventral telencephalon, SVZ
progenitors in the dorsal telencephalon; C. Schuurmans
and F. Guillemot, unpubl.) whereas Ngns tend to be ex-
pressed in progenitors that differentiate rapidely (e.g.,
sensory precursors in dorsal root and cranial ganglia, VZ
progenitors in the dorsal telencephalon). Further inves-
tigation will be necessary to elucidate the mechanisms
underlying the divergent properties of Mash1 and Ngn2
in regulating the transition from proliferation to differ-
entiation and in specifying neuronal subtype identity.

Materials and methods

Construction of Mash1¥™&"2 targeting vector

The Mashl genomic clone (gbl.4) used to generate the
Mash1XN&m2 targeting vector was described previously (Guille-
mot et al. 1993). A 5.5-kb Sacl fragment ending with the Sacl
site located three nucleotides downstream of the start ATG was
used as the 5" arm of the targeting construct. Ngn2 coding se-
quences were cloned directly downstream and in-frame with
the endogenous start site of Mashl by introducing an EcoRI
cloning site immediately downstream of the Sacl site by PCR.
The 3’ arm was a 1.4-kb BamH]1 fragment corresponding to the
3’-most sequence of the gbl.4 clone. These fragments were
cloned into pKSloxPNT, which contains a loxP-flanked PGK-
neomyecin cassette (Hanks et al. 1995). The targeting vector was
linearized by Xhol and electroporated into R1 ES cells as de-
scribed previously (Guillemot et al. 1993). Homologous recom-
bination events were identified by Southern blotting using
EcoRI to digest the genomic DNA and a 1 kb Hpal fragment as
a 5’- external probe, as previously described (Guillemot et al.
1993x). Positive clones were then verified with a 3’ 300-bp Sacl/
Ndel external probe from pA\MI1B7 (kind gift of Jane Johnson,
University of Texas). One recombinant ES cell clone was in-
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jected into C57BL/6] females and gave germ-line transmission
of the mutation. The mutant strain was maintained by back-
crossing into a CD1 outbred background.

Genotyping of Mash1¥™&n2 NgnoXMashl 'Nenda and Mashl®
mutant mice

Ngn2K™Mashl and Nen2® embryos were generated by crossing
heterozygous animals and genotyping was performed by PCR as
described previously (Fode et al. 1998, 2000). Wild-type, hetero-
zygous and homozygous Mash1 mutant embryos were obtained
from intercrosses of Mash1*/* mice (Guillemot et al. 1993) or
Mash1¥™Nen2/+ mice. For staging of embryos, midday of the vagi-
nal plug was considered as E0.5. Genotyping of the different
Mash1 alleles was preformed by PCR using the following prim-
ers and conditions. For the Mash1* allele, upper primer CCAG
GACTCAATACGCAGGG and lower primer GCAGCGCATC
GCCTTCTATC, with 30 cycles of 94°C/1 min, 60°C/1 min,
and 72°C/1 min. For the Mash1¥N¢"2 allele, upper primer
ACAGTTTGGCCCGGCATGGA and lower primer AGATG
TAATTGTGGGCGAAG with 30 cycles of 94°C/1 min, 60°C/1
min, and 72°C/1 min. For the Mash1 wild-type allele, upper
primer CTCCGGGAGCATGTCCCCAA and lower primer
CCAGGACTCAATACGCAGGG with 30 cycles of 94°C/1
min, 64°C/1 min, and 72°C/1 min.

RNA in situ hybridization and immunohistochemistry

Embryos were fixed at 4°C in 4% paraformaldehyde for 2 h (up
to E11.5) or overnight (E12.5 and older), rinsed in phosphate-
buffered saline (PBS), cryoprotected overnight in 20% sucrose in
PBS and embedded in OCT (Tissue-Tek, Miles). Embedded em-
bryos were sectioned on a cryostat at 10 um. Section RNA in
situ hybridization was performed as described in Cau et al.
(1997). The cRNA probes used in this study were the following:
DII1, Hes5, GADG67, DIx1, DIx5, Lhx2, and SCG10, as described
in Casarosa et al. (1999); Mash1 and NeuroD as described in Cau
etal. (1997); Phox2a, Phox2b, and DBH as described in Pattyn et
al. (1999); Ngn2 (Gradwohl et al. 1996); Prox1 (Torii et al. 1999);
Lhx6 (Grigoriou et al. 1998); and Nscl2 (Perez et al. 1999).
Double-label immunofluorescence was performed by simulta-
neous incubation with the antibodies of interest, which in-
cluded monoclonal antibodies against Pax6 (Pax6), Islet-1
(40.2D6), Engrailed-1 (4G11) MNR2/HB9 (81.5C10) and Lim
1/2, all of which were obtained from the Developmental Studies
Hybridoma Bank, and a Chx10 rabbit antiserum that was a gift
from Johan Ericson (Karolinska Institute, Stockholm). Goat
anti-mouse and goat anti-rabbit secondary antibodies conju-
gated to AlexA and Cy3 (Jackson Immunoresearch) were used
for double labeling experiments. Confocal analysis was carried
out on a Leica TCS 4D microscope.

Histology, BrdU incorporation, and TUNEL experiments

For histological analysis, embryos were fixed in Bouin’s fixative
for 3-4 days, processed for wax embedding, cut at 7 pm, and
stained with cresyl violet. For BrdU incorporation experiments,
pregnant females were injected intraperitoneally with 100 pg/g
of body weight of BrdU (Sigma) and sacrificed after 30 min.
Embryos were processed as described above and BrdU labeling
was exposed by 40 min treatment in HCl 2N at 37°C. The
anti-BrdU monoclonal antibody (1:100 dilution) was from Boe-
hringer Mannheim. The TUNEL procedure was performed as
described in Cau et al. (1997).
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